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ABSTRACT. The paper d i s c u s s e s the problem of p l a n e t a r y nebulae with 
massive nuc le i from the po in t of v iew of t h e i r t h e o r e t i c a l e v o l u t i o n and 
o b s e r v a t i o n a l appearances . The a v a i l a b l e data sugges t that NGC 2440, 
6302, and 7027 have c e n t r a l s t a r s with masses g r e a t e r than 0 .8 M q . 

1. INTRODUCTION 

I t i s now commonly accepted that most of p l a n e t a r y nebu la nuc le i <PNNi) 
have masses c l o s e to 0.6 Mq- The main c o n t r o v e r s y concerns the high mass 
t a i l of the d i s t r i b u t i o n ( c f . Schönberner , 1981; K a l e r , 1983; R e n z i n i , 
1983; Heap & Augensen, 1986). At present t h i s problem cannot be so lved 
d e f i n i t i v e l y because of o b s e r v a t i o n a l and t h e o r e t i c a l u n c e r t a i n t i e s . In 
t h i s r e v i e w we present the main p o i n t s concerning massive PNNi and t h e i r 
p l a n e t a r y nebulae ( P N e ) . The p r i n c i p a l e v o l u t i o n a r y a s p e c t s of massive 
PNNi a r e o u t l i n e d in the next s e c t i o n . Sec t ion 3 i s devoted to the 
e v o l u t i o n of PNe surrounding massive PNNi . F i n a l l y , in Sec t ion 4 we 
d i s c u s s the methods f o r o b s e r v a t i o n a l de terminat ion of masses and the 
r e s u l t s f o r i n d i v i d u a l PNNi . We conclude that at presen t we know t h r e e 
PNe, i . e . NGC 2440, 6302, and 7027, whose PNNi have masses above 0.8 M q . 

2. EVOLUTIONARY CHARACTERISTICS OF MASSIVE CENTRAL STARS 

The luminos i ty of a PNN, L , with a c t i v e s h e l l sources depends on ly on 
i t s mass, M, and can be determined from a w i d e l y known formula ( e . g . 
P a c z y n s k i , 1971)s 

L/Lo • 5 . 9 χ 10« ( M / M q - 0.52). (1 ) 

The e f f e c t i v e temperature v a r i e s g r e a t l y dur ing the PNN e v o l u t i o n . 
I t i s determined by the mass of the Η - r i c h enve lope and the n u c l e a r 
burning a c t i v i t y . However, the maximum v a l u e of the e f f e c t i v e 
t emperature , T n , that can be achieved by a PNN i s aga in a func t ion of 
i t s mass o n l y . This can be es t imated from the formula: 
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l og TM « 5.72 + 2.41 log ( M / M Q ) (2) 

which i s a l e a s t square -fit to the r e s u l t s of Paczynski (1971) , 
Schonberner (1981, 1983), Iben (1982, 1984), and Wood & Faulkner (1986) . 

The most s p e c t a c u l a r aspect of massive PNNi i s that they e v o l v e 
very q u i c k l y , e s p e c i a l l y in the h o r i z o n t a l p o r t i o n o-f t h e i r H-R diagram 
t r a c k s . Let us de-fine, - fol lowing Paczynski (1971) , the nuc lear 
e v o l u t i o n a r y time s c a l e as the Η - r i c h enve lope mass corresponding t o the 
e-f-fective temperature log Τ = 4 .5 , MEN, devided by the nuc lear burning 
r a t e . As an e s t imate of MEN we can use the formula of Iben (1982 - h i s 
Eq. 2 2 ) : 

log MEN = - 5.10 - 4.96 ( M / M Q - 1 . 0 ) . (3 ) 

This r e l a t i o n r e s u l t s from a t h e o r e t i c a l study of a c c r e t i o n r e j u v e n a t e d 
whi te d w a r f s . However, i t f i t s very we l l to the r e s u l t s from model PNNi 
c a l c u l a t e d by Paczynski (1971) , Schonberner (1983) , Iben (1984) , and 
Wood & Faulkner (1986 ) . Combining E q . ( 3 ) with the nuc l ear burning r a t e 
r e s u l t i n g from E q . ( l ) (adopt ing the Η abundance, ΧΜ « 0 . 7 ) one g e t s the 
f o l l o w i n g formula f o r the nuc l ear time s c a l e expressed in y e a r s : 

log to * 1.0 - 4.96 ( M / M Q - 1 . 0 ) - l o g ( M / M Q - 0 . 5 2 ) . (4) 

For M > 0.7 MQ E q . ( 4 ) can be approximated by a s impler formula , i . e . 

l og T r , * 7 .3 - 5 .9 M/M©. (4a) 

I t should be noted that E q . ( 4 ) has been d e r i v e d from the H-burning 
models . Some authors argue that the most f a v o u r a b l e c o n d i t i o n s f o r a PN 
format ion occur dur ing a H e - s h e l l f l a s h . In t h i s case the r e s u l t a n t PNN 
i s powered by the He-burning and g e n e r a l l y e v o l v e s s lower than the 
Η-burning c o u n t e r p a r t . I t a p p e a r s , however, that E q . ( 4 ) g i v e s a r i g h t 
e s t imate of the time span necessary f o r the He-burning PNNi of Wood S< 
Faulkner (1986) to e v o l v e from log Τ = 4.5 to 5 .0 . 

The l a s t po in t we want t o d i s c u s s in t h i s s ec t i on concerns the time 
span that e l a p s e s between the PN format ion and the moment when the PNN 
becomes s u f f i c i e n t l y hot t o i o n i z e the n e b u l a r g a s , i . e . when 
log Τ * 4 .5 . I t i s o f ten argued that the PN format ion s tops when the 
s t a r d e p a r t s from the AGB which takes p l a c e a t log Τ £ 3 .7 (Schonberner , 
1981, 1983; R e n z i n i , 1983) . At t h i s moment the mass of the H - r i c h 
enve lope i s of o r d e r .001 Mo almost independent ly of the c o r e mass 
( P a c z y n s k i , 1971). I f the subsequent e v o l u t i o n i s determined by the 

nuc l ear burning a lone then even a 1.2 Mo s t a r would r e q u i r e a few 
thousand y e a r s in order to i n c r e a s e i t s temperature from log Τ = 3 .7 to 
4 .5 ( s e e a l s o Schonberner , 1987) . An o r d i n a r y s t e l l a r wind can somewhat 
reduce the d i s c u s s e d time span (by a f a c t o r of a few at m o s t ) . The 
conc lus ion that a r i s e s from the above d i s c u s s i o n i s that even f o r the 
most massive PNNi the time i n t e r v a l between the format ion of a PN and 
i t s i o n i z a t i o n i s of order 1000 y r s . The n e b u l a r gas i s thus expected to 
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drop in d e n s i t y to log Ν < 5 b e f o r e i t s t a r s be ing i o n i z e d . And t h i s 
immediately i m p l i e s that the p h o t o i o n i z a t i o n of a PN by a massive PNN 
should l ead to s t rong n o n - e q u i l i b r i u m e f f e c t s in the i o n i z a t i o n and 
thermal s t a r u c t u r e of the PN. Indeed, the e v o l u t i o n a r y time s c a l e of a 
massive PNN (Eq. 4) can be comparable to or even s h o r t e r than the 
recombinat ion time s c a l e of the nebu lar gas which i s 

log T r - « 5.1 - l og η (5 ) 

where xr i s in y e a r s i f the e l e c t r o n d e n s i t y , n, i s expressed in c m - 3 . 
The f o l l o w i n g s e c t i o n i s devoted t o the d i s c u s s i o n of the t ime-dependent 
i o n i z a t i o n e f f e c t s w i th in the above s c e n a r i o . 

Recent ly Wood & Faulkner (1986) have argued that an AGB s t a r 
c a p a b l e of producing a core mass g r e a t e r than 0.86 MQ produces a PN with 
a h y d r o g e n - f r e e PNN. A PNN of t h i s s o r t would e v o l v e on a very short 
t ime s c a l e towards high e f f e c t i v e t emperatures . Thi s would r e s u l t in 
appearance of a very dense , compact, h i g h - e x c i t a t i o n PN surrounded by a 
mass ive , n e u t r a l , dusty enve lope . There has been no i n v e s t i g a t i o n of the 
PN e v o l u t i o n a long these l i n e s as yet and t h e r e f o r e we cannot d i s c u s s 
t h i s p o s s i b i l i t y in more d e t a i l . 

3. TIME-DEPENDENT IONIZATION OF PLANETARY NEBULAE WITH MASSIVE NUCLEI 

A d e t a i l e d d i s c u s s i o n of t h i s problem i s g iven in Tylenda (1983) who has 
c a l c u l a t e d t ime-dependent models of PNe with a 1.2 MQ PNN. The study 
c o n s i d e r s the n o n - e q u i l i b r i u m p h o t o i o n i z a t i o n in g r e a t d e t a i l a l though 
i t n e g l e c t s dynamical e f f e c t s . I t seems, however, that the i n f l u e n c e of 
the i o n i z i n g r a d i a t i o n on the dynamics of a PN with a massive PNN i s not 
important . The r a d i a t i o n momentum i n t e g r a t e d over the high luminos i ty 
phase of a PNN q u i c k l y d e c r e a s e s with the i n c r e a s i n g PNN mass ( s i n c e tn 
r a p i d l y d e c r e a s e s with M - see Eq. 4 ) . For a 1.2 MQ PNN the i n t e g r a t e d 
r a d i a t i o n momentum i s 3 o r d e r s of magnitude s m a l l e r than the momentum of 
a t y p i c a l PN. 

One can d i s t i n g u i s h two d i f f e r e n t phases in the e v o l u t i o n of a PN 
surrounding a massive PNN (Ty lenda , 1983). I n i t i a l l y , when the PNN i s 
luminous and becomes ho t t er and h o t t e r , a f a s t (weak R- type ) i o n i z a t i o n 
f r o n t i s moving outwards in the ΡΝ.· We have then the p h o t o i o n i z a t i o n 
phase . The phys i ca l s t a t e of the n e b u l a r g a s , e s p e c i a l l y j u s t behind the 
i o n i z a t i o n f r o n t , i s f a r from the e q u i l i b r i u m c o n d i t i o n s . I f one t r i e s 
t o app ly the Z a n s t r a method to the spectrum observed dur ing t h i s phase 
then the d e r i v e d v a l u e s appear to be underes t imates , sometimes very 
s e v e r e , of the e f f e c t i v e temperature and, e s p e c i a l l y , of the PNN 
l u m i n o s i t y . An a n a l y s i s of the model PNe dur ing the p h o t o i o n i z a t i o n 
phase l e a d s t o the conc lus ion that t h e r e i s an upper l i m i t t o the 
luminos i ty that can be d e r i v e d from the Z a n s t r a method, i . e . (Ty lenda , 
1984) 

L z / ( 1 0 « L Q ) < 1 .7*<1.0 + 0.6 ( l o g η - 3 . 0 ) ) ± 0.3 (6 ) 
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where η i s the n e b u l a r e l e c t r o n d e n s i t y in c m - 3 . Condi t ion (6 ) can be 
used as a s e l f - c o n s i s t e n c y t e s t when app ly ing the Zans tra method to PNe 
with luminous PNNi , 

A f t e r the nuc l ear fue l has been exhausted the PNN i s d e c r e a s i n g in 
l u m i n o s i t y . I n i t i a l l y the f a d i n g i s f a s t and down t o log L / L Q i 3 i t 
proceeds on a time s c a l e not much longer than in (Eq. 4 ) . The reduced 
f l u x of i o n i z i n g photons can maintain the i o n i z a t i o n only in the 
innermost l a y e r s of the PN. The outer r e g i o n s a r e now recombining and 
c o o l i n g o f f . The nebula i s in the recombinat ion phase . The most 
s p e c t a c u l a r aspect of t h i s phase i s the 'appearance of a d o u b l e - e n v e l o p e 
s t r u c t u r e in the image of the PN, i . e . an i n n e r , b r i g h t , h i g h - e x c i t a t i o n 
r i n g i s surrounded by a f a i n t , l o w - e x c i t a t i o n h a l o (Ty lenda , 1983) . The 
h a l o i s f a d i n g with t ime. However, the time s c a l e of t h i s p r o c e s s 
i n c r e a s e s because of the d e c r e a s i n g e l e c t r o n d e n s i t y ( c f . Eq. 5 ) . 
Consequent ly , even a f t e r s e v e r a l thousands of y e a r s a tenuous, very 
l o w - e x c i t a t i o n h a l o showing n s 10 - 100 c m - 3 can s t i l l be v i s i b l e . 

F i n a l l y , i t i s worth of not ing that the appearance of a 
d o u b l e - e n v e l o p e s t r u c t u r e , s i m i l a r t o that d i s cus sed above , i s p r e d i c t e d 
f o r PNe with l e s s massive PNNi ( M > 0.6 M Q ) as w e l l , prov ided that the 
PNNi burn hydrogen q u i e s c e n t l y (Ty lenda , 1986; see a l s o Schmidt-Voigt 
and Koppen, 1987). This i s because the PNNi of t h i s s o r t have a f a s t 
d e c l i n e in luminos i ty a f t e r the c e s s a t i o n of the nuc l ear burning 
(Schönberner , 1981). 

4. OBSERVED CASES OF PLANETARY NEBULAE WITH MASSIVE CENTRAL STARS 

The most c l a s s i c a l method f o r o b s e r v a t i o n a l t e s t i n g of the PNN e v o l u t i o n 
theory i s the H-R diagram ( see e . g . r e v i e w s by R . A . Shaw and by S .R. 
Pot tasch in t h i s vo lume) . A f t e r having determined l u m i n o s i t i e s f o r PNNi 
l y i n g in the h o r i z o n t a l p a r t of the H-R diagram one may hope t o d e r i v e 
t h e i r masses from E q . ( l ) . U n f o r t u n a t e l y , t h i s method cannot g i v e 
r e l i a b l e r e s u l t s f o r i n d i v i d u a l cases because of the we l l known problem 
of the d i s t a n c e s to the g a l a c t i c PNe. However, i t can be a p p l i e d to PNNi 
in the M a g e l l a n i c C l o u d s . A f i r s t attempt t o determine l u m i n o s i t i e s of 
PNNi of t h r e e b r i g h t PNe in the M a g e l l a n i c Clouds made by Stecher et a l . 
(1982) gave very high v a l u e s implying masses c l o s e t o 1.2 M Q - I t 
appeared , however, soon that the Z a n s t r a l u m i n o s i t i e s d e r i v e d by Stecher 
et a l . v i o l a t e d cond i t i on (6 ) (Ty lenda , 1984). In other words , the 
observed PNNi evo lved much s lower than a 1.2 M Q PNN should have done. 
Subsequent r e a n a l y s e s of the o b s e r v a t i o n a l data sugges ted much s m a l l e r 
masses, i . e . 0 .6 - 0 .7 M Q (Ty lenda , 1984; Heap & Augensen, 1987). 
Recent ly A l l e r et a l . (1987) have d e r i v e d masses f o r 12 PNNi in the 
M a g e l l a n i c Clouds from the observed l u m i n o s i t i e s . The v a l u e s range from 
0.58 t o 0.71 M Q i n c l u d i n g the t h r e e c o n t r o v e r s i a l PNNi . In a l l cases 
c o n d i t i o n (6 ) i s s a t i s f i e d . In c o n c l u s i o n , we do not see massive PNNi 
w i th in the b r i g h t e s t PNe in the M a g e l l a n i c C louds . Thi s i s not s u r p r i s -
ing s i n c e massive PNNi e v o l v e very quick ly , w h i l e be ing luminous. We, 
t h e r e f o r e , expect to f i n d them r a t h e r among hot , l o w - l u m i n o s i t y PNNi . 
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Schönberner (1981) has e l a b o r a t e d a method which compares 
t h e o r e t i c a l models with o b s e r v a t i o n s on the A b e l l ' s (1966) diagram: 
s t e l l a r Mv v e r s u s n e b u l a r r a d i u s . S ince the e v o l u t i o n a r y time s c a l e i s 
very s e n s i t i v e to the s t e l l a r mass (Eq. 4) the t h e o r e t i c a l t r a c k s a r e 
we l l s e p a r a t e d in t h i s diagram even f o r small d i f f e r e n c e s in mass. Hence 
i t s p o t e n t i a l u s e f u l n e s s f o r e m p i r i c a l mass d e t e r m i n a t i o n . However., with 
the present u n c e r t a i n t i e s both in the o b s e r v a t i o n s ( d i s t a n c e s ) and in 
the theory (mechanism and time of the PN f o r m a t i o n , subsequent dynamics 
of the PN, importance of r e s i d u a l s t e l l a r winds) c o n c l u s i o n s drawn from 

the Mv-Rn d iagram a lone can b e , sometimes, very m i s l e a d i n g . Recent ly 
Heap & Augensen (1987) have d e r i v e d i n d i v i d u a l PNN masses us ing the 
d i s c u s s e d method. For about 307. of the o b j e c t s they have obta ined 
v a l u e s in excess of 0.65 M Q . Most of t h i s comes from compact PNe having 
Pn < 0.1 pc . A c l o s e r a n a l y s i s shows that p r e c i s e l y these s t a r s have in 
m a j o r i t y log L / L Q < 3 .5 and log Τ < 4 .85. Consequent ly they l i e below 
the h o r i z o n t a l p a r t of the 0.6 MQ t r a c k in the H-R diagram ( e . g . 
P o t t a s c h , 1983) . And t h i s s u g g e s t s that these a r e very low mass PNNi . 
The s i t u a t i o n i s , t h e r e f o r e , not c l e a r and r e q u i r e s thorough s tudy . 

Very r e c e n t l y Mendez et a l . (1987) have d e r i v e d PNN masses f o r 21 
PNe from a model atmosphere a n a l y s i s of the observed s t e l l a r H and He 
a b s o r p t i o n p r o f i l e s . For a h a l f of the sample they have d e r i v e d masses 
above 0.7 Mo - a r e s u l t r e a l l y s u r p r i s i n g in view of other s t u d i e s in 
our Galaxy (Schönberner , 1981; K a l e r , 1983) and in the M a g e l l a n i c Clouds 
( A l l e r e t a l . 1987) . Let us concentra te on two PNNi , i . e . NGC 2392 and 
He 2-138, f o r which Mendez et a l . have found masses c l o s e to 0.9 M Q - I t 
appears that with the d i s t a n c e s proposed by Mendez et a l . the Z a n s t r a 
l m i n o s i t i e s f o r these two PNe do not s a t i s f y c o n d i t i o n ( 6 ) . In the case 
of NGC 2392 the H e l l Z a n s t r a luminos i ty i s l og L Z / L Q • 4.69 ( H e l l λ 4686 
l i n e i n t e n s i t y taken from A l l e r & Czyzak, 1979; other data from Mendez 
e t a l . 1987) whereas the HI Z a n s t r a luminos i ty f o r He 2-138 i s log L Z / L Q 

* 4 . 4 1 . The upper l i m i t s from E q . ( 6 ) a r e 4.34 ± .06 ( l o g η = 3 .5 -
A l l e r & Czyzak, 1979; Shaw & K a l e r , 1985) and 4.42 ± .05 ( l o g η = 3 .9 -
T o r r e s - P e i m b e r t & Pe imbert , 1977) , r e s p e c t i v e l y . Even the c a s e of 
He 2-138 cannot be r e g a r d e d as m a r i g i n a l l y c o n s i s t e n t s i n c e E q . ( 6 ) has 
been obta ined us ing E q . ( 4 a ) which g i v e s the time s c a l e f o r the o v e r a l l 
n u c l e a r e v o l u t i o n . The two PNNi , accord ing t o Mendez et a l . , have log Τ 
< 4.7 and f o r these temperatures the s t e l l a r e v o l u t i o n i s much f a s t e r 
than X n , The model PNNi of Schönberner (1981) e v o l v e from log Τ • 4 .4 to 
4.7 dur ing a time span 10 t imes s h o r t e r than τη. Thus an 0.9 M Q PNN 
r e q u i r e s on ly some 10 y e a r s in order to pass t h i s temperature i n t e r v a l . 
NGC 2392 has been seen f o r more than 100 y e a r s ( i t was d i s c o v e r e d in 
1853 - Perek & Kohoutek, 1967) . The d i s c r e p a n c y i s important and we 
conclude that Mendez et a l . (1987) have overes t imated the PNN masses, a t 
l e a s t f o r NGC 2392 and He 2-138. 

A lower l i m i t t o the mass of a PN can be obta ined from E q . ( 2 ) i f we 
know i t s e f f e c t i v e t emperature . Thi s method has the advantage of be ing 
independent of the d i s t a n c e . The main problem i s , of c o u r s e , the 
temperature de terminat ion the more so as we expect l og Τ > 5.3 f o r 
massive PNNi . The e x i s t i n g methods f o r e f f e c t i v e temperature 
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determinat ion have r e c e n t l y been analysed by S t a s i n s k a & Tylenda (1986) 
•from the po in t of view of t h e i r u s e f u l n e s s in the case of very hot 
s t a r s . They conclude that only the Zans tra method can g i v e a r e l i a b l e 
e s t imate of the e f f e c t i v e temperature of a hot PNN. Other methods 
underes t imates , sometimes s e r i o u s l y , the temperature in t h i s c a s e . 

T a b l e 1 
P l a n e t a r y nebulae with massive c e n t r a l s t a r s 

Name log Tz l og Ts M / M Q 

NGC 2440 5.50 5.26 >0.81 
NGC 6302 5.48 >0.80 

NGC 6445 5.27 5.18 >0.65 
NGC 6537 5.29 >0.66 
NGC 6741 5.37 >0.72 
NGC 7027 5.78 5.48 >1.05 
IC 2165 5.29 5.05 >0.66 

In T a b l e 1 we l i s t the PNNi which have log Τ > 5 .2 . The second column 
g i v e s the Z a n s t r a temperatures c a l c u l a t e d from the data r e c e n t l y 
compiled by S t a s i n s k a & Tylenda (1987) . In a l l cases Tz (HI) was g r e a t e r 
than or comparable to Tz ( H e l l ) so we took the mean v a l u e from the two 
e s t i m a t e s . The t h i r d column conta ins the Stoy temperature c a l c u l a t e d by 
P r e i t e - M a r t i n e z & Pot tasch (1983) . The lower l i m i t s t o the PNN mases a r e 
g iven in the l a s t column. They have been d e r i v e d from E q . ( 2 ) us ing Tz or 
Ts i f the former was not a v a i l a b l e . A l l PNNi l i s t e d in T a b l e 1 have 
masses w e l l above the canonica l v a l u e of 0 .6 M Q . But in t h r e e c a s e s , 
i . e . NGC 2440, 6302, and 7027, the PNNi a r e very mass ive . For NGC 6302 
no PNN has been observed as y e t . I t has one of the h i g h e s t Stoy 
t emperatures . S ince the Stoy method underes t imates the e f f e c t i v e 
temperature ( S t a s i n s k a ?< Tylenda , 1986) i t i s c l e a r that t h i s PN has a 
PNN much more massive than 0 .8 M Q . NGC 7027 has been e x t e n s i v e l y 
d i s c u s s e d in Tylenda (1984) . Thi s PN has an extended, very f a i n t h a l o 
observed in H« by Atherton et a l . ( 1 9 7 9 ) . The na ture of the h a l o i s not 
c l e a r but i t may sugges t that the PN i s now in the recombinat ion phase . 
An a n a l y s i s of the o b s e r v a t i o n a l data in the frame of t h i s hypothes i s 
l e a d s t o the mass e s t imate f o r the NGC 7027 nucleus of 1.0 ± 0 .2 M Q 
(Ty lenda , 1984) . O b s e r v a t i o n s of the h a l o in other l i n e s , in p a r t i c u l a r 
in [ Q U I ] , would s e r v e as a c o n c l u s i v e t e s t to t h i s h y p o t h e s i s . 

F i n a l l y , as i t i s o f ten argued ( e . g . R e n z i n i , 1983) and as i t has 
been mentioned in the beg inn ing of t h i s s e c t i o n we should expect t o f i n d 
massive s t a r s among hot , l o w - l u m i n o s i t y PNNi . At present an 
i n v e s t i g a t i o n of t h i s s o r t i s d i f f i c u l t and cannot g i v e c o n c l u s i v e 
r e s u l t s , mostly because of the d i s t a n c e problem. However, we can mention 
5 c a n d i d a t e s , i . e . A 21, A 31, Jn 1, Κ 2-2 , and PW 1. The o b s e r v a t i o n a l 
data a v a i l a b l e at present i n d i c a t e that these PNNi have log L / L Q < 1.5, 
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l og Τ = 5.0 - 5 . 1 , and Μν > 8.0 ( S t a s i n s k a & Tylenda , 1987) . 
Consequent ly , they l i e in the r e g i o n occupied by e v o l v e d , massive model 
PNNi both in the H-R diagram and in the A b e l l ' s d iagram. 
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